We report the discovery of optical emission from the non-radiative shocked ejecta of three young Type Ia supernova remnants (SNRs): SNR 0519-69.0, SNR 0509-67.5, and N103B. Deep integral field spectroscopic observations reveal broad and spatially resolved [Fe xiv] 5303Å emission. The width of the broad line reveals, for the first time, the reverse shock speeds. For two of the remnants we can constrain the underlying supernova explosions with evolutionary models. SNR 0519-69.0 is well explained by a standard near-Chandrasekhar mass explosion, whereas for SNR 0509-67.5 our analysis suggests an energetic sub-Chandrasekhar mass explosion. With [S xii], [Fe ix], and [Fe xv] also detected, we can uniquely visualize different layers of the explosion. We refer to this new analysis technique as supernova remnant tomography.
Type Ia Supernovae (SNe Ia) are the thermonuclear explosions of white dwarf stars. In spite of their importance as distance indicators in Cosmology [1, 2] and their major contribution to nucleosynthesis [3] , no consensus has been reached on their explosion mechanism(s) and progenitor system(s) [4] . Even for the well-studied, nearby SN 2011fe, a comparison of the observations and synthetic spectral time series of the two leading explosion models has failed to produce a clear winner: the single degenerate delayed-detonation model of a ∼1.4 M WD [5] and the double-degenerate merger with a ∼1.1 M [6] primary WD explain the observations nearly equally well [7] .
An alternative approach to solving the SN Ia progenitor problem is via multi-wavelength observations of supernova remnants (SNRs). Following the thermonuclear incineration of a white dwarf, the freshly synthesized heavy elements are ejected at high velocity. The supersonic expansion drives a forward shock into the surrounding interstellar medium and a reverse shock back into the remains of the supernova explosion, eventually heating the ejecta to X-ray emitting temperatures [8] . The most important parameters governing the evolution of SNRs are the chemical composition, kinetic energy and mass of the ejecta, as well as the ambient medium density [9] , all of which are closely linked to the explosion mechanism. As the supernova ejecta progressively ionize behind the reverse shock, zones of higher and higher atomic ionization are produced in succession behind this shock. Optical forbidden line emission from low-lying atomic transitions of these highly-ionized atoms is expected. Many of these lines were first seen in the solar corona and are hence referred to as coronal lines.
The coronal [Fe xiv] magnetic dipole transition 3s 2 3p 2 (P 1/2 − P 3/2 ) produces a green emission line at 5302.8Å with an emissivity that peaks in ionization equilibrium at temperatures near 2 × 10 6 K [10] and is produced over the range 7.0 < log(T) < 7.5 in the shock models presented below. Earlier detections of [Fe xiv] in SNRs were from radiative cloud shocks in ISM material (∼300 − 500 km s −1 , where the postshock gas undergoes thermal instability and the shock dynamics are strongly affected by radiative cooling), such as those detected in Puppis A [11, 12] , N49 [13] , and 1E 0102.2-7219 [14] , following model predictions [15] . In these cases, the sensitivity of the detectors has been the limiting factor in detecting optical [Fe xiv] from the much faster nonradiative shocks (> 2000 km s −1 , no thermal instability) in both the swept up interstellar gas and reverse shocked ejecta. As we show in this paper, the superior sensitivity of the Multi Unit Spectroscopic Explorer (MUSE) Integral field spectrograph on the European Southern Observatory (ESO) Very Large Telescope (VLT) and the larger light gathering area of its 8.2 m mirror have now enabled the detection of faint optical coronal line emission in nonradiative shocks. Using public MUSE data from the ESO archive, we have discovered [Fe xiv] 5303Å emission from the reverse shocks of the three youngest Type Ia supernova remnants in the Large Magellanic Cloud (LMC) [16] : SNR 0519-69.0, SNR 0509-67.5, and N103B (SNR 0509-68.7). For further details on the observations, data reduction and processing see the Supplemental Informa-tion.
To our knowledge this is the first detection of optical emission from the non-radiatively shocked ejecta of any Type Ia supernova remnant. As expected, we find the peak of the [Fe xiv] emission, which appears as a narrow band in the interiors of the SNRs, immediately interior to the peak of the Fe K X-ray emission detected by the Chandra X-ray Observatory (see Fig. 1 ), since the reverse shock is propagating inwards in a Lagrangian sense. The detection of optical coronal line emission from pure non-radiative ejecta shocks of Type Ia SNRs opens a long sought window into the kinematic study of young Type Ia SNRs. In the case of SNR 0519-69.0 (hereafter 0519) and SNR 0509-67.5 (hereafter 0509), the [Fe xiv] emission appears as a nearly circular shell (see Fig. 1(A) and (B) ). For N103B (Fig. 1(C) ), the signal is contaminated by residuals from superimposed bright stars and the [Fe xiv] behind the reverse shock appears much more asymmetric. This is likely a consequence of the strong interaction of this SNR with high-density material on its western side [17] . The observed morphology of three nearly concentric shells of Balmer-line emission from the forward shock (blue) on the outside, with X-ray emission (red) from the hot, reverse shocked ejecta just inside the Balmer filaments, and coronal [Fe xiv] emission (green) inside of the X-ray emitting ejecta, is a beautiful confirmation of the extant theory of SNR evolution. To probe the kinematics of the iron-rich ejecta in each SNR, we have extracted [Fe xiv] line profiles (see Fig. 2 ) from selected regions (indicated in Fig. 1 ) of the three SNRs. Fitting single Gaussians and a linear continuum to the line profiles, we obtain velocity widths of 2460 ± 100 km s −1 for 0519, 4370 ± 100 km s −1 for 0509, and 3290 ± 100 km s
for N103B. The near spherical symmetry of 0519 and 0509 allows us to model them in 1D (whereas the strongly asymmetric morphology of the [Fe xiv] in N103B does not), so in the remainder of this report we focus on these two SNRs for a quantitative analysis. While the approximate location of the reverse shock can be inferred from X-ray observations of the shocked ejecta [18] , the resolved line width of the [Fe xiv] emission presented here allows us for the first time to directly determine the reverse shock speeda new observational constraint. [19] allowed for an explosion model and SNR evolution independent determination of the SNR ages. These models placed 0519 at 600 ± 200 yr and 0509 at 400 ± 120 yr [19] . Further, since these two SNRs are located in the LMC, their distances are reliably known to be 50 kpc, with an uncertainty of only 2 per cent [20] . This allows us to accurately relate angular size to physical size. The forward shock position and velocity can be inferred from the broad Balmer-line emission [21, 22] . With reliable observational constraints on the age, forward shock position and velocity, as well as reverse shock position and velocity, we are now in a position to limit explosion model parameters commensurate with the observational constraints. Table 1 gives a summary of our SNR models based on [9] for 0519 and 0509, designed to match forward and reverse shock velocities (v f and v r ) and radii (R f and R r ) at the current epoch. The ejecta mass is M ej , E 51 is the explosion kinetic energy in 10 51 erg, and n ISM is the ambient density in amu cm of X-ray analysis [18] . With n ISM = 1.5 cm −3 taken to match the forward shock, we also get good agreement for the ejecta ionization age and electron temperature. Currently the reverse shock in 0519 has passed through approximately 95% of the ejecta (mass coordinate 0.05), and the [Fe xiv]-emitting plasma is near mass coordinate 0.2, expanding with v exp = 1887 km s −1 . For further details on our SNR hydrodynamical evolution model and ionization structure calculations see the Supplemental Information.
In the case of 0509, while adopting an explosion energy E 51 = 1.5 and n ISM = 0.4 cm −3 allows the forward shock radius and velocity to be matched as well as the emission measure of shocked ISM, a similar ejecta mass and composition to 0519 do not allow the Fe to ionize as far as Fe 13+ . However, a smaller ejecta mass M ej = 1 M allows the reverse shock to reach the ejecta core-envelope boundary, where the maximum ionization age occurs, earlier in the SNR evolution. This produces sufficient Fe 13+ and Fe 14+ here to generate brighter [Fe xiv] 5303Å than [Fe xi] 7892Å or [Fe x] 6376Å, neither of which are unambiguously detected. We note that this high explosion energy is realistic and can be readily obtained from detonation of a 1 M white dwarf with a 0.85 M core consisting of 60% carbon and 40% oxygen (by mass) surrounded by a 0.15 M shell of helium. Burning 0.5 M of the core to iron-group elements (using the binding energy of 56 Ni) and the remainder of the star to intermediate mass elements (using the binding energy of 28 Si) gives a kinetic energy of 1.5 × 10 51 erg, after accounting for the gravitational binding energy E g = −4.6 × 10 50 erg and the internal energy E int = 2.9 × 10 50 erg.
For the 1 M ejecta model, the reverse shock in 0509 has passed through approximately 74% of the ejecta (mass coordinate 0.26) at the present time, and the [Fe xiv] emission originates from mass coordinates ∼0.5− 0.7, expanding with v exp = 4766 km s −1 . Table 1 gives a summary of parameters connected with the [Fe xiv] emission for both remnants. There is good agreement between predicted and observed radii, with the observations giving a wider range of values. Presumably this arises partly from simple projection effects and partly from deviations of the SNR geometry from spherical symmetry. The line widths, however, are over-predicted by about 10 -20%. The theoretical prediction is directly connected to the 5h09m28s 30s 32s 34s RA (J2000) speed of the reverse shock and is possibly affected by the parametrization of the ejecta density profile by a uniform density core, or by clumping of the ejecta, which would slow down the reverse shock.
In Table 1 The characteristic velocity, distance, and time in our models depend on (E 51 /M ej ) 1/2 , (M ej /n ISM ) 1/3 , and
ISM , respectively, so in Table 1 only n e t and T e change if E 51 , M ej , and n ISM vary by the same factor. A factor of ∼4 increase in n e t is required to improve the agreement between predicted and measured n e t for 0509, which conflicts with established Type Ia SN theory. If we solely increase M ej and the age for 0509, n e t and T e increase somewhat, but simultaneously v f decreases and R f increases, worsening the prediction of the forward shock trajectory. A modest increase in M ej by ∼0.2−0.4 M is allowable but would require the Fe to be embedded in He-rich ejecta to achieve the necessary degree of ionization. Such a near Chandrasekhar-mass scenario with unburned helium in the ejecta seems unlikely, but we cannot firmly rule out a near Chandrasekhar-mass explosion as for example in [23] . The larger mass makes the reverse shock slower, brings the [Fe xiv] width into better agreement with observations, and increases our estimate for the total Fe mass because the slower reverse shock has not propagated as far through the ejecta. However, the most satisfactory explanation for the n e t values is that the strong Si, S, Ar, and Ca emission seen in Xrays [24] arises from ejecta clumps, with densities locally enhanced by a factor of ∼4. This gives a predicted n e t of order 10 10 cm −3 s. Using an electron density of 4 cm A remaining question is why 0509 exhibits clumpy ejecta while 0519 apparently does not. Aside from being more than twice as old as 0509, 0519 is in a significantly more advanced evolutionary state due to its higher ambient density. Presumably, all ejecta clumps in 0519 have been destroyed by instabilities following reverse shock passage [25, 26] , whereas this has not yet occurred in 0509. Kelvin-Helmholtz and Richtmyer-Meshkov instabilities typically destroy clumps on a timescale of a few clump shock crossing times. Clumping of Fe in 0509 would remove the need for a He-dominated composition in the 1.4 M model for explaining the Fe ionization, but poses problems in that clumping of SN ejecta is usually assumed to occur as a result of the inflation of Fe-Co-Ni bubbles by radioactivity. Fe should therefore be underdense, though [27] interpret Fe knots as being due to 54 Fe.
In addition to the ubiquitous [Fe xiv] emission, we also find three additional broad lines in 0509, which we identify as coronal [S xii] 7613.1Å, [Fe ix] 8236.8Å, (Fig. 3A) and [Fe xv] 7062.1Å (Fig. 3B) . We also detect [Fe xv] 7062.1Å in N103B. The presence of these further coronal lines in addition to [Fe xiv] opens the door to a new field of study: supernova remnant tomography, the study of spatially resolved, optical coronal line emission from nonradiative reverse shocks in Type Ia supernova ejecta. The energetics of SNRs means that most of the emission from shocked ejecta is radiated at X-ray frequencies, observed with relatively poor spectral and spatial resolution due to technical limitations on the available instrumentation. Study of the optical coronal line profiles allows for the measurement of Doppler shifts and broadening. Furthermore, since the emission arises from much closer to the reverse shock than the X-ray emission, it is more sensitive to shock and pre-shock parameters. In contrast, the X-ray observations probe only the clumped ejecta, providing a less accurate picture of the spatial distribution of explosion products than the optical [Fe xiv] emission.
In the cases discussed here, the best match to the forward and reverse shocks pushes the SNR age to one end or the other of the uncertainty range coming from the light echoes and constrains the ejecta masses to around 1.4 M for 0519 and likely to significantly below the Chandrasekhar mass for 0509 (∼1.0 M ). In the absence of such information, the SNR age is much less constrained, with corresponding greater uncertainties in ejecta mass and explosion energy. Our dynamical models give a good match to the spectral properties of 0519 and 0509, with some clumping of the ejecta required for the latter SNR. Last, we note that the observed light echo spectra enabled [28] to assign the supernova that gave rise to 0509 to the spectroscopic sub-class of 1991T-like SNe Ia. Taking our explosion mass constraint at face value, this indicates that 1991T-like SNe Ia originate from detonations of sub-Chandrasekhar mass white dwarfs. tronomy APLPY [32] , an open-source plotting package for PYTHON, ASTROQUERY [33] , a package hosted at https://astroquery.readthedocs.io which provides a set of tools for querying astronomical web forms and databases, STATSMODEL [34] and BRUTIFUS [35] , a PYTHON module to process data cubes from integral field spectrographs. This research has also made use of the AL-ADIN [36] interactive sky atlas, of SAOIMAGE DS9 [37] 12.2016 and 17.12.2016, for a total of 16 × 900 s onsource. We downloaded the 6, 16, and 16 raw MUSE frames for SNR 0519-69.0, SNR 0509-67.5, and SNR N103B (respectively) from the ESO Science Archive Facility, together with the associated raw calibration selected via calselector. Each raw frame was reduced individually using the MUSE pipeline 2.4.2 [38] via its workflow in Reflex v2.9.1 [39] . The image quality was measured manually from stars in the field-of-view, in all the individual datacubes, at 7000Å. For SNR 0519-69.0 and SNR N103B, all the individual observations have an image quality in the range 0.8 -0.9 and 0.5 -0.8 (respectively, so that we used them all to assemble the final combined cubes, which have an image quality of 0.8 and 0.6 for a total of 5,400 s and 14,400 s on-source, respectively. For SNR 0509-67.5, the first 8 exposures have an image quality in the range 1.0 -1.5 , whereas the last 8 exposures, acquired in January 2018, have an image quality in the range 0.7 -0.9 . To facilitate the removal of the stellar continuum in the field (see below) and maximize our ability to spatially resolve the shell structure of the remnant, we only use the 8 sharpest MUSE exposures to assemble the combined datacube, with a final image quality of 0.8 .
The lack of dedicated sky observations for all 3 targets led us to skip the sky subtraction step in the data reduction cascade, given the crowding of the fields and the underlying photo-ionized gaseous emission from the LMC. Instead, we use brutifus -a Python package to process MUSE datacubes (https://fpavogt.github.io/brutifus/) -to subtract the sky emission extracted from a handful of regions selected by hand in each cube (see Supplemental Figs. 4-6 ). These regions were chosen a) to avoid any bright star in the white-light image of the cube, b) to be located away from the extend of the SNRs, and c) to avoid the brightest region of nebular emission from the LMC ISM.
We correct all three combined datacubes for Galactic extinction along the line-of-sight using another dedicated brutifus routine. We assume a Fitzpatrick 1999 redden- ing law [40] with R v = 3.1, A B = 0.272 and A V = 0.206 (for all three systems), derived via NED from a recalibration [41] of the infrared-based dust map of [42] . The resulting flux correction is shown in Supplemental Fig. 7 .
Wavelength dependent extinction curve applied to all three datacubes.
We also rely on brutifus to perform a crude subtraction of the stellar and nebular continuum of the three combined cubes. In practice, brutifus relies on the Locally Weighted Scatterplot Smoothing (LOWESS) algorithm [43] to perform a non-parametric fit on a spaxel-by-spaxel basis. The advantage of this technique is that it is a) robust against the presence of emission lines, and b) can handle any type of smoothly varying continuum equally well, as illustrated by [44] .
HYDRODYNAMICS AND IONIZATION STRUCTURE
We model the Fe coronal line forbidden emission using the method originally pioneered by Hamilton and Sarazin [45] . Within a framework of analytic hydrodynamics describing the SNR evolution [9] , we integrate equations for the time dependent ionization balance between the forward or reverse shocks. Our full method is described in [46, 47] who coined the acronym BLASt Propagation in Highly EMitting EnviRonment (BLASPHEMER).
Here we concentrate on Type Ia SNRs expanding into a uniform density interstellar medium (ISM). We take a core-envelope ejecta density profile, where the uniform density ejecta core is surrounded by an envelope with density proportional to r −7 . In all cases, the most highly ionized ejecta are found at the core-envelope boundary. We assume collisionless electron heating to 10 6 K ahead of the shock, following [48] , followed by heating by adiabatic compression and Coulomb equilibration with the ions.
0519: We assume an ejecta composition of 33% O, 12% Si and 55% Fe by mass, following [18] . Ahead of the reverse shock, O is 50% O + and 50% O ++ , while Si and Fe are 25% singly ionized, 50% doubly ionized, and 25% triply ionized. Supplemental Figure 8 shows the results for 0519 on the left panels. The top panel shows the predicted radial extent of the Fe 9+ , Fe 10+ and Fe
13+
ions. The reverse shock is predicted to be at 2.03 pc, so it can be seen the Fe 9+ comes up first, before Fe
10+
and Fe 13+ as expected, with Fe 13+ closest to the coreenvelope boundary and hence the brightest due to being in the highest density. [18] see low and high ionization Fe ejecta in X-ray emission, which we locate in even higher density ejecta, with the high ionization Fe ejecta located close to the core-envelope boundary with ionization age n e t = 3.9 × 10 10 cm −3 s. The middle panel shows the electron density profile with radius, with a strong spike at a radius of 2.92 pc, corresponding to the core-envelope boundary. The bottom panel shows the time after explosion of reverse shock passage for ejecta at the different radii. The radius of the contact discontinuity is overestimated. [9] give no guidance on this so this has been taken from [49] , which is more appropriate for the earlier phases on SNR evolution. 
LINE EMISSION AND FE MASS ESTIMATES
The Fe coronal forbidden lines are emitted from temperatures of order 1 − 2 × 10 7 K, well above those where they are emitted in conditions of ionization equilibrium. We take the emissivity in these lines due to electron impacts from the CHIANTI code. To this we add an emissivity due to impacts by heavy ions in the plasma, calculated using a generalization of methods in [50] . The line flux, f, in photons cm , electron density as a function of radius (middle), and time after explosion of reverse shock passage through the ejecta as a function of radius (bottom, left axis) and ejecta mass coordinate (bottom, right axis). Left column is for 0519 and right column is for 0509. The assumed ages are 750 years for 0519 and 310 years for 0509, respectively. f = (C e n e + C i n i )n F e V /4πd 2 , where C e n e + C i n i is the collisional excitation rate due to scattering electrons, n e , and ions n i , with excitation rate coefficients C e and C i respectively, n F e is the target ion density, V is the volume of emitting plasma, and d = 50 kpc is the distance to the SNR. The total target ion mass is V n F e m F e = 4πd 2 f m F e /(C e n e + C i n i )
where m F e is the target ion mass. The Fe mass connected with the [Fe xiv] emission is calculated from equation 1, with n e , and n i coming from the hydrodynamics and ionization evolution calculations, C e and C i given in Supplemental Table 2 , d = 50 kpc and f measured as described above. Finally, we correct for the Fe ionization balance, also coming from the hydrodynamics and ionization evolution, to give a mass in all Fe charge states in the region from where [Fe xiv] photons are emitted.
In 0519 we take the low and high ionization Fe emission measures EM F e = V n e n i quoted by [18] and convert to masses according to M F e = EM F e m F e /n e . Finally in both remnants, we assume the ejecta interior to the [Fe xiv] emission is dominated by Fe, and multiply the relevant ejecta mass coordinates (0.18 for 0519, 0.5 for 0509) by 1.4 M (for 0519) and 1.0 M (for 0509) to complete the mass estimate. Fe x 3.7 × 10 −9 1.1 × 10 −9 7.7 × 10 −9 9.7 × 10 −9 1.3 × 10 −8
